Rochester Institute of Technology

RIT Scholar Works
Theses
2-27-2019

Convection in Common Envelopes
Emily C. Wilson
ecw7497@rit.edu

Follow this and additional works at: https://scholarworks.rit.edu/theses

Recommended Citation
Wilson, Emily C., "Convection in Common Envelopes" (2019). Thesis. Rochester Institute of Technology.
Accessed from

This Thesis is brought to you for free and open access by RIT Scholar Works. It has been accepted for inclusion in
Theses by an authorized administrator of RIT Scholar Works. For more information, please contact
ritscholarworks@rit.edu.

Convection in Common Envelopes
Emily C. Wilson
A Thesis Submitted in Partial Fulfillment of the
Requirements for the Degree of Master of Science in
Astrophysical Sciences & Technology

School of Physics and Astronomy
College of Science
Rochester Institute of Technology
Rochester, NY
February 27, 2019

Approved by:
Andrew Robinson, Ph.D.

Date

Director, Astrophysical Sciences and Technology

Approval Committee: Jason Nordhaus, Joel Kastner, Joshua Faber

E. C. Wilson

Master’s Thesis

Contents
1 Introduction

1

1.1

Common Envelopes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2

1.2

Modelling Convection in CEs . . . . . . . . . . . . . . . . . . . . . . . .

5

1.2.1

Convective Simulation Techniques . . . . . . . . . . . . . . . . . .

5

1.2.2

The Employed Convection-Energy Model . . . . . . . . . . . . . .

6

Current Research and Major Issues . . . . . . . . . . . . . . . . . . . . .

8

1.3

2 Methodology

10

2.1

Determining Convective Regions . . . . . . . . . . . . . . . . . . . . . . .

13

2.2

Energy and Luminosity Considerations . . . . . . . . . . . . . . . . . . .

15

2.2.1

Energy Conservation . . . . . . . . . . . . . . . . . . . . . . . . .

15

2.2.2

Luminosity Requirements . . . . . . . . . . . . . . . . . . . . . .

18

Outcomes of Common Envelope Interactions . . . . . . . . . . . . . . . .

20

2.3

3 Ejection Efficiency in Convective Regions

21

3.1

Variability of the SCCR . . . . . . . . . . . . . . . . . . . . . . . . . . .

25

3.2

Ejection Efficiency, ↵
¯ e↵ . . . . . . . . . . . . . . . . . . . . . . . . . . . .

28

4 Discussion
4.1

30

Implications of Convection . . . . . . . . . . . . . . . . . . . . . . . . . .

5 Conclusions and future directions

33
35

i

E. C. Wilson

Master’s Thesis

Abstract
The outcomes of stellar evolution can be significantly a↵ected by the presence of close
substellar or stellar companions. Common envelopes (CE) are thought to be the main
channel for producing close binaries in the universe and occur when an orbiting companion is engulfed in the outer layers of the primary’s envelope. CE outcomes are dependent
on the fraction of energy from the decaying orbit that can contribute to ejecting the envelope, often defined via an efficiency, ↵
¯ e↵ . The post-CE orbital separations and periods
can then be determined given knowledge of the binding energy of the primary’s envelope.
In this work, detailed stellar interior models of primaries at their maximum evolved radius are used to calculate ↵
¯ e↵ for unique primary-companion mass pairs. Properties of
the surface-contact convective region (SCCR), and its variability, are shown to a↵ect the
ejection efficiency since in these regions the energy released during inspiral can be carried
to the stellar surface and radiated away. The ejection failure seen in numerical simulations may be resolved with a proper treatment of convection, whereby the binary orbit
shrinks before energy can be tapped to drive ejection. With the inclusion of convection,
we find post-CE orbital periods of less than a day which is an observed phenomenon
infrequently achieved by population studies with a constant ↵
¯ e↵ . A prescription for
calculating ↵
¯ e↵ given knowledge of SCCR properties is provided.
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Introduction

A star spends most of its life on the main-sequence, during which hydrogen fusion
maintains a stable star. After all of the core’s hydrogen has been fused into helium,
a shell of hydrogen surrounding that core begins to fuse, and the star climbs the Red
Giant Branch (RGB). On the RGB, the star can expand to hundreds of times its original
radius, during which the extended volume of the star may begin to tidally interact
with surrounding bodies. Also during this time, the star experiences more internal
hydrogen and helium burning processes. The burning of core helium on the Zero-Age
Horizontal Branch (ZAHB) occurs simultaneously with hydrogen shell burning. When
the hydrogen shell is fused to helium and the core is fused to carbon and oxygen, the
star begins its ascent up the Asymptotic Giant Branch (AGB). The star can expand, yet
again, to over hundreds of times its main-sequence radius and similarly begin to tidally
interact with surrounding bodies, such as binary companions.1 These interactions are the
predominant proposed pathway for producing compact binary systems observed in the
Universe (Toonen and Nelemans, 2013; Kruckow et al., 2018; Canals et al., 2018), though
other mechanisms have also been proposed (Fabrycky and Tremaine, 2007; Thompson,
2011; Shappee and Thompson, 2013; Michaely and Perets, 2016).
Thermal pulses occur while the AGB star’s radius grows; the spherical shell of
helium that surrounds the carbon and oxygen core experiences a thermonuclear flash,
which causes the radius of the star to spike before re-stabilizing. During each of these
thermal pulses, the outer-most convective zone contracts and expands, pulling elements
from deep within the AGB star to the surface. This dredge-up process has been shown
to be important for the formation of carbon stars and is responsible for the observable
surface abundance of elements. Transport of stellar material and interior energy to the
1

For stars with masses greater than or equal to 1.4M , the radius of the star on the AGB is greater
than the RGB. In these cases, the chance of interaction with the star on the AGB is greater than when
the star is on the RGB (Nordhaus et al., 2010; Nordhaus and Spiegel, 2013).
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surface of the star via convection is an idea that has been discussed in the literature,
and will be described in detail in future sections.

1.1

Common Envelopes

First proposed by Paczynski (1976), common envelopes (CEs) occur when the primary
star in a binary system evolves from a main-sequence star to a giant star and interacts
with the secondary (Ivanova et al., 2013; Kochanek et al., 2014). Possible interactions
that lead to CEs are direct engulfment (the radius of the giant star surpasses the orbital
radius of the companion), Roche Lobe overflow, or decay of the orbit via tidal dissipation
(Nordhaus and Blackman, 2006; Nordhaus et al., 2010; Chen et al., 2017). For a short
time, only 10s to 1000s of years (Ivanova et al., 2013), the two stars orbit within a
shared envelope. Given sufficient energy transfer from the engulfed companion to the
outer layers of the primary, the envelope can become unbound from the primary and
then ejected from the system.
Ejection of the envelope is not guaranteed. Energy and angular momentum are
transferred during the CE phase as the companion inspirals through the layers of the
primary (Iben and Livio, 1993). If the energy transferred from the inspiraling companion
exceeds the energy required to unbind the outer layers of the primary, the envelope may
be ejected from the system, leaving a short-period binary with at least one compact
object. If the envelope cannot be ejected, the interaction results in a “single” star, as
the companion is destroyed in the process. Due to the binary interaction, this single
star may now experience alternate evolutionary tracks (Nordhaus et al., 2011).
Details of CE systems, like mass ratio, initial orbital separation, and internal
properties of the giant star have been shown to a↵ect the likelihood of certain evolutionary pathways (e.g., De Marco et al. 2011; Zorotovic et al. 2011; Politano and Weiler
2007). The internal properties of AGB stars include deep convective envelopes, which
2
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may a↵ect the outcomes of interactions with binary companions. As shown in Figure 1,
the convective zones (green) encompass much of the AGB star’s outer mass. These zones
also change over time, i.e. during the thermal pulses of the star. The e↵ect of large convective zones in CE primaries and their corresponding system ejection efficiencies remain
a topic of active research.

Figure 1: Internal structure of an AGB star during a late thermal pulse. The red solid
line corresponds to the mass-coordinate of the H-free core. The solid green shaded
section shows the convective region in the envelope (Herwig, 2005).
The CE can result in one of several possible outcomes, with some shown in
Figure 2. The resulting compact objects in short-period orbits possible via CE evolution
have piqued the interest of astronomers, especially with the recent gravitational wave
detections from such pairs, like the neutron star-neutron star merger observed in 2017
(Abbott et al., 2017). An understanding of the processes that lead to close, compact
object binaries is an area of active research as the search continues for gravitational
waves, from binary black hole – and now binary neutron star – mergers.

3

E. C. Wilson

Master’s Thesis

Figure 2: Outcomes of CE interactions as described by Ivanova et al. (2013). The
three columns describe three potential paths to compact objects in binaries. The left
column describes two scenarios that can potentially produce Type Ia supernovae. The
center column shows a CE evolutionary track that results in a milli-second pulsar (MSP)
and white dwarf (WD) binary. The right column shows a potential track to produce a
neutron star pair binary. These evolutionary tracks are not exhaustive.
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1.2

Modelling Convection in CEs

1.2.1

Convective Simulation Techniques

The standard computational method to simulate convection within stars is through
mixing length theory (MLT) which allows a single convective eddy to move through
a scale height within a convective region (Herwig 2005 and references therein). The
convective cell then acts as an “average” cell and the spectrum of turbulence is ignored.
The average eddy, driven by buoyancy, moves a distance ⇤ before dissipating. The
variable ⇤ is the mixing length, given by

⇤ = ↵HP = ↵

✓

d ln P
dr

◆

1

,

(1)

where ↵ is of order unity (calibrated to Solar quantities), P is the radial pressure within
the star, and H is a pressure scale height, a quantity that defines the distance over
which the pressure changes by a fraction of itself. From this mixing length, a convective
velocity for each mass can be determined by balancing the kinetic energy per mass and
the work done by buoyancy, ultimately yielding

v̄conv =

s

⇢|g|
⇤.
8⇢

(2)

This describes the average radial convective velocity of an average eddy motion described
by MLT (Cox and Giuli, 1968)2 .
An alternate method, described by Henyey et al. (1965), modifies MLT to consider
the convective efficiency, that is the opacity of the convective eddies, as variable. This
efficiency parameter allows in some cases, especially in simulations, for radiation from
the outer layers of the star. This alternate convective method is modeled through a
2

MLT as described by Cox and Giuli 1968 is used by the stellar evolution code in this work.
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modified adiabatic gradient which accounts for pressure from turbulence of the medium.
Yet another, more computationally expensive, method is the Full Spectrum of
Turbulence (FST) convective model which uses up to millions of these convective eddies
to simulate convection. In this model, turbulent flux, a component of total stellar flux,
is a function of the di↵erence in the temperature gradient and the adiabatic temperature
gradient, and consequently always greater than the MLT-prescribed convective flux. The
more significant di↵erence of FST as compared to MLT is the treatment of scale height,
and thus convective eddies. MLT “stacks” convective eddies, assuming that the they are
smallest near the stellar surface and increase toward the core (as necessitated by HP );
FST acknowledges the nonlinear, compressible nature of convective eddies and includes
them in virtual “stacking” of convective eddies throughout the energy spectrum (Canuto
and Mazzitelli, 1991).
1.2.2

The Employed Convection-Energy Model

Some authors have suggested the inclusion of alternate energy sources to have CE events
ending in short-period binaries. Instead of adding energy sources, we employ a model in
which the large convective envelope of RGB/AGB stars can carry liberated energy from
the companion’s decaying orbit away from the system just as the convective processes
carry elements to the surface, as observed by surface element abundances. A schematic
cartoon of this model is shown in Figure 3.
In a common envelope system, a companion body brushes the surface of the
primary and experiences a sort of drag force which slows its orbit. The slowing velocity
forces the companion to assume a smaller orbital radius. This change in radius releases
orbital energy. In this convection model, as the companion body inspirals within a
convective region that contacts the surface of the primary star, the released orbital
energy can be carried to the surface and radiated away. Therefore, we assume that the

6
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Figure 3: A cartoon describing the convective model used in this work. Top: as the
companion (black circle) inspirals through the primary, it first plunges through the
surface-contact convective region (SCCR). The convective eddies (purple ovals) can carry
liberated energy from the companion’s decaying orbit to the surface where they are
radiated away. Bottom: after the companion inspirals beyond the SCCR, the energy it
releases can be fully transferred into the primary, aiding envelope ejection.
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transfer of energy in these regions is 0% efficient; the energy liberated by the decaying
orbit cannot contribute to ejecting the envelope. In contrast, in non-convective regions,
the liberated energy contributes to unbinding the envelope. The energy transfer in
the non-convective regions is therefore assumed to be 100% efficient. With this model,
energy transfer within the star is di↵erent from traditional fully efficient energy transfer
models, but still does not tap alternate energy sources.

1.3

Current Research and Major Issues

A popular way of predicting common envelope outcomes and thus the consequent populations is by employing an “↵-formalism.” This allows for an ejection efficiency, ↵
¯ e↵ ,
to be defined based on energy arguments, typically via:

↵
¯ e↵ =

Ebind
.
Eorb

Here, the energy that is required to unbind layers from the primary star is Ebind and
the energy liberated from the decaying orbit of the secondary body is

Eorb (for a

complete discussion see Sec 2.2.1; Tutukov and Yungelson 1979; Iben, I. and Tutukov
1984; Webbink 1984; Livio and Soker 1988; De Marco et al. 2011). An ejection efficiency
in combination with the primary’s binding energy can yield predictions for the ultimate
orbital separations of the system. These predictions are highly sensitive to assumed
values of energy transfer efficiency, since it is not 100% efficient (Claeys et al., 2014).
Therefore constraining ↵
¯ e↵ through theory and observations is necessary and a topic
of active research. The ejection efficiency is also often assumed to be constant across
di↵erent systems (i.e., universal) for simplicity, so relating ↵
¯ e↵ to properties of the CE
system is needed.
Some observations of what are assumed to be progeny of CEs have resulted in

8
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estimates of ↵
¯ e↵ with large uncertainties. Over 50 such systems (white dwarf-main sequence binaries) are identified and studied by Zorotovic et al. (2010) who concluded that
these systems have ejection efficiencies that are consistent with ↵
¯ e↵ ' 0.2 0.3. Cojocaru
et al. (2017) agree generally, though through population synthesis studies of Galactic
white dwarf main-sequence binary data from the Sloan Digital Sky Survey (SDSS) Data
Release 12. In a di↵erent population synthesis study, ↵
¯ e↵ > 0.1 reasonably described
the ejection efficiency of late-type secondary binary systems while also producing postCE systems with an overabundance of > 1-day orbital periods than is observed (Davis
et al., 2010). Toonen and Nelemans (2013) argue that in order to produce these sub-day
periods, the ejection efficiency must be low.
The relationship between the mass ratio of the binary, q = m2 /M1 , and the
ejection efficiency has been studied by multiple authors but no consensus has been
reached. A study by De Marco et al. (2011) reveals an anti-correlation between q and
↵
¯ e↵ while a study by Zorotovic et al. (2011) finds the opposite. In the former work, it
is argued that larger companion masses result in lower ejection efficiencies, while in the
latter the larger initial orbital energy of the companion mass is shown to increase the
ejection efficiency. These conflicting results are compared to those found in this work in
Section 4.
Multiple groups have also studied common envelope systems via three-dimensional
hydrodynamic simulations (Ricker and Taam, 2012; Passy et al., 2012; Ohlmann et al.,
2016; Chamandy et al., 2018a). In these simulations, the envelope of the CE begins
to move outward but remains bound, thus failing to eject the CE. Proposed solutions
to this unbound envelope problem involve additional energy sources like recombination
energy, accretion, and jets, long-timescale processes, or dust-driven winds (Soker, 2015;
Ivanova et al., 2015; Kuruwita et al., 2016; Glanz and Perets, 2018; Sabach et al., 2017;
Grichener et al., 2018; Kashi and Soker, 2018; Ivanova, 2018; Soker et al., 2018). These
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e↵ects may eventually prove necessary but the physics included in (or excluded from)
simulations should first be scrutinized.
Radiation allows the energy from the inspiraling companion body to be lost from
the system. Without radiation, the energy should transfer into the primary and remain
there in some form. For this reason, it is important to note that the aforementioned
simulations exclude radiation from the system as a form of energy loss, thus painting
an incomplete picture of the ejection efficiency. The energy budget and energy loss
mechanisms in CE simulations should be examined and a discussion of the reasons
behind the envelope remaining bound are necessary (e.g. Chamandy et al. (2018b)).
One energy source that has been examined in combination with convection in
CE systems is recombination. In a system where the companion deposits energy into
the envelope, the envelope expands and the convection provides an efficient transport
mechanism to move the energy to the surface regions where it is radiated away and
lost in a work by Grichener et al. (2018). Another work finds that energy transport via
convection cannot be neglected in the case of helium recombination (Sabach et al., 2017).
Recombination arguments and whether they can drive envelope ejection is currently
under debate (Ivanova, 2018; Soker et al., 2018).

2

Methodology

To analyze the interactions of stars in common envelope systems, the primary star
and its interior structure must be modeled. The models for this work were produced
using an open-source stellar evolution code, Modules for Experiments in Stellar
Astrophysics, or MESA (release 10108) (Paxton et al., 2011, 2018). MESA allows users
to tune specific parameters in pre-made modules and produce spherically symmetric
models of a star’s interior at discrete times in its evolution. For stars in the mass range

10
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6.0M , in increments of 0.2M , the 1M pre MS to WD module was modified and

run to completion, to avoid biases in the selection of maximum radius, described later.
A full stellar evolution of a 1.4M star as produced by MESA is shown in Figure 4. The
lower bound of 0.8M marks the minimum mass star that has evolved o↵ of the main
sequence during the universe’s lifetime.

Figure 4: The radial evolution of a 1.4M MESA modeled star is shown.
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Modifications to the pre-written MESA module were minimal. Initial mass was incremented with each completed run. The allowed spacing of profile outputs was reduced
for a finer time resolution. Mass-loss prescriptions remained as the default: the MESA
modules used Reimer’s mass loss on the Red Giant Branch (RGB) and Blöcker’s mass
loss for the Asymptotic Giant Branch (AGB). These prescriptions are

ṀReimers = 4 ⇥ 10

13

⌘R

LR
M

and
ṀBlöcker = ⌘B ṀReimers ,
respectively (Reimers, 1975; Bloecker, 1995). The ⌘ values in the MESA modules were
kept at ⌘R = 0.7 and ⌘B = 0.7 All stellar models were evolved assuming solar metallicity
(z = 0.02).
The MESA modules produce profiles detailing the interior structure of the star at
times all throughout the star’s evolution. For this work, the maximum radius profile of
each stellar model, or the appropriate peak of the AGB or RGB, was extracted and used
for common envelope interaction analysis. The time of maximum radius of a primary star
is the time at which engulfment of the companion body is most likely, as it corresponds
to the time of its maximum volume, when tidal torques that shrink the companion’s
orbit will be strongest (Villaver and Livio, 2009; Nordhaus et al., 2010; Nordhaus and
Spiegel, 2013). This age is also appropriate for study as any companion within the range
of engulfment will have been engulfed by this time.
The interior of the star is modeled for each time-step, but due to computing constraints, only one of 20 interior profiles was stored, thus defining the time resolution of
the model. This resolution was decreased from the default 50, with the exception of the
few high-resolution cases necessary for examples later which were decreased from 50 to

12
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5. Because of this, the maximum radius profile used for analysis is within 10 timesteps
of the exact maximum radius. All profiles used were within 3% of the actual maximum
radius, with one exception, which deviated 6%. (In fact, only 7 of 27 deviated more than
0.4% from the true maximum radius.) From this maximum radius profile, radial data
on the primary’s mass, density, convective properties, and core/envelope boundaries are
extracted. As an example, the density and enclosed mass of the 1.4M

model from

Figure 4 are shown in Figure 5. These interior structure data are then used to compute,
at each radius, the primary’s binding energy and the convective timescales (which define
the convective zones). With radial information about the primary star’s interior, properties of the companion mass can also be calculated, e.g. the tidal disruption radius, the
inspiral timescale, and the energy released during orbital decay. All of these parameters
are discussed in detail below.

Figure 5: The radial density and enclosed mass of a 1.4M MESA modeled star are shown.

2.1

Determining Convective Regions

Since each primary star in this study is a post-main sequence star, it is known that each
hosts a deep convective region. The companion’s shrinking orbital radius during inspiral
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releases orbital energy which is deposited into the region surrounding the companion’s
mass. If this occurs within a near-surface convective region, convective eddies can carry
energy to optically thin, exterior regions of the primary star where it can be radiated
away. Due to the radiation of the energy, the companion’s released orbital energy cannot
accumulate to eject the envelope of the primary star until much deeper into the inspiral,
in many cases. To determine where in the primary star convective transport dominates,
the convective regions must be identified.
The convective velocities are computed by MESA and used to determine the convective timescales of the primary star at each radius, via:

tconv [r] =

Z

R?
r

1
vconv

dr.

(3)

The time it takes for a companion to fully inspiral through the star can also be
calculated, again using properties from the MESA profile. The inspiral timescale is:

tinspiral [r] =

Z

rshred
ri

⇣

dM
dr

M [r]
r

⌘q

vr2 + v̄ 2

4⇠⇡Gm2 r⇢[r]

dr,

(4)

and has been derived from Eq. 9 in Nordhaus and Blackman (2006). Here, ri is the
initial radial position of the companion that the energy transferred is not in an optically
thin region of the envelope. The tidal shredding radius, or the radius at which the
p
companion tidally disrupts is estimated as rshred ⇠ R2 3 2Mcore /m2 and for slow rotators
such as those RGB/AGB stars in this study, v̄ = v

venv ' v (Nordhaus et al.,

2007). We assume a value of ⇠ = 4, where ⇠ accounts for the wake produced by the
inspiraling companion, the gaseous drag of the envelope, and the Mach number (Park
and Bogdanović, 2017). For the companion-primary mass ratios included in this work,
the ejection efficiency, ↵
¯ e↵ , is not sensitive to changes in ⇠.
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Having determined the inspiral and convective timescales, two distinct regions
arise: where tconv >tinspiral , and where tconv <tinspiral . For stars with mass &4.0M a third
region exists, where tconv <tinspiral , but in a physically distinct secondary layer which does
not reach the surface of the primary. In regions where tconv ⌧tinspiral , the convective eddies
can carry the released orbital energy of the inspiraling companion toward the surface of
the primary where it will be radiated away. We name this region the surface-contact
convective region, or SCCR.
In Figure 6, the inspiral and convective timescales for companion masses ranging
from 0.002

0.5M

and primary masses from 1.0

6.0M , respectively, are shown.

The SCCR for each primary is shaded yellow, and the secondary convective regions
are shaded pink. Though the entire radius range is shaded, it is important to note
that convection only dominates in cases where the inspiral timescale is greater than the
convective timescale. The shredding radius of each companion is marked with an X.
The depth of the SCCR and the comparative timescales are especially important, and
an analysis of the SCCR is performed throughout this work.

2.2
2.2.1

Energy and Luminosity Considerations
Energy Conservation

The energy required to expel the primary’s envelope is called the binding energy and
must first be found in order to compute the ejection efficiency. The minimum binding
energy required to strip the envelope exterior to a radius, r, is:

Ebind [r] =

Z

Mo
M

GM [r]
dm[r],
r

(5)

where Mo is the total mass of the star. Some studies employ a “ -formalism,” which
is used to approximate the binding energy of the star in observational cases where
15
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Figure 6: Comparative timescale plots for a sample of representative primary masses
at their maximum radial extent and several test companion masses. The convective
timescale profile of the primary star is shown in solid blue. The colored, dashed lines
show the inspiral timescale - the time it takes for the companion mass to spiral from its
current radius to the center of the primary star. The radius at which each companion
mass shreds due to the gravity of the primary mass is marked with an X. The surfacecontact convective regions (SCCRs) of the primary star that do not contribute to the
unbinding of the envelope are shaded in yellow. Interior convective zones that do not
extend to the primary’s surface are shaded in pink.
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the specific internal structure cannot be determined (De Marco et al., 2011). Since
MESA models are used and have detailed interior structure profiles, no

approximations

are necessary. The internal energy of each shell is excluded from the binding energy
calculation since its e↵ect on the binding energy has not been shown to be significant
(Han et al., 1995; Ivanova et al., 2013).
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As the companion contacts the surface of the primary star, the envelope’s mass
will slow the radial velocity of the companion in orbit. This in turn shrinks the orbit,
thus releasing orbital energy into the envelope. The released energy can be calculated
as:
Gm2
Eorb [r] =
2

✓

M [ri ]
ri

M [r]
r

◆

,

(6)

where ri is the orbital radius of the companion when energy is first released and m2 is
the mass of the companion.
Since the energy of the system is being passed from the companion to the primary,
Equations 5 and 6 can be equated with an efficiency factor, ↵
¯ e↵ via:

Ebind = ↵
¯ e↵ Eorb .

(7)

Here, ↵
¯ e↵ represents the efficiency of energy transfer into unbinding the envelope from
the decaying orbit of the companion. For 100% efficient transfer, ↵
¯ e↵ = 1, and all
of the released orbital energy can be used to eject the envelope (ejection is, however,
not guaranteed, as the orbital energy released must exceed that of the binding energy).
In contrast, for fully inefficient transfer, ↵
¯ e↵ = 0 and no orbital energy contributes to
ejecting the envelope, leaving the envelope bound. The efficiency ↵
¯ e↵ is discussed in the
context of the SCCRs in Section 3.
2.2.2

Luminosity Requirements

The convective envelope of the primary can transport a limited amount of power before
the convection becomes supersonic. Supersonic convection requires a more rigorous
treatment than is allowed by MLT. This maximum luminosity is given by:
Lmax,conv = 4⇡⇢[r]r2 c3s [r],

18
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Figure 7: The maximum luminosity carried by convection, Lmax,conv for two primary
masses in thick green curves, is shown with the drag luminosity of several companions
for the two primary mass cases in dashed, colored lines. The tidal disruption radii
are marked with an X for the 1.0M case and a triangle for the 6.0M case. This
demonstrates that convection can carry the liberated orbital energy to the surface where
it is radiated away.
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' 5 (Grichener et al., 2018). The primary’s density profile (⇢[r]) and sound

speed profile (cs [r]) are taken directly from the MESA models. As the companion plunges
through the envelope, it generates additional luminosity. This drag luminosity can be
found via:

2
Ldrag = ⇠⇡racc
⇢[r]v 3 [r]

(9)

where racc , the accretion radius, is given by:

racc =

2Gm2
v 2 [r]

(Nordhaus and Blackman, 2006). If the drag luminosity does not exceed the maximum
transportable luminosity, then convection can successfully carry it away.
The condition Ldrag  Lmax,conv is met for all mass ratios in this work. This
is presented in Figure 7. The maximum transportable luminosity for the 1.0M

and

6.0M primary masses are shown in bold, solid and dotted green curves, respectively.

2.3

Outcomes of Common Envelope Interactions

Common envelope interactions can ultimately end in one of two outcomes: the companion ejects the envelope and survives to be in orbit around a white-dwarf core, or the companion tidally shreds before it transfers enough energy to eject the envelope. Whether
or not the companion survives is largely dependent on its radius, a proxy for density.
The companion’s radius can be estimated based on its mass. The companion masses in
this study encompass three di↵erent mass ranges: planet-mass (m2  0.0026M , Zapolsky and Salpeter 1969), brown dwarfs (0.0026M < m2 < 0.077M , Burrows et al.
1993), and stellar mass (m2

0.077M ) objects. For planet-mass objects, the radius is

approximated to be RJupiter . From Reyes-Ruiz and Lopez (1999), the radius for brown
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dwarfs is:

R2 /R = 0.117

0.054 log

2

✓

m2
0.0026M

◆

+ 0.024 log

3

✓

m2
0.0026M

◆

and for stellar-mass main-sequence companions is:

R2 =

✓

m2
M

◆0.92

R .

(10)

If there is an orbital separation, a, where: (i.) ↵
¯ e↵ Eorb [a] > Ebind [a] and (ii.)
a > rshred , then the common envelope interaction can end in a short-period binary.
The shredding radius is calculated as described in Section 2.1. In Figures 6 and 8, the
shredding radii of each companion are marked with an X. As the companion inspirals, it
releases energy with the decreasing orbital radius. For companions which tidally disrupt
closer to the primary’s core, the change in orbital energy, and thus the energy that can
contribute to unbinding the envelope, is greater than for those companions which disrupt
closer to the surface. The energy that can contribute to unbinding the envelope will be
maximized if the companion’s shredding radius is deeper than the lower boundary of
the SCCR. The convection within the SCCR aids in reducing the energy available for
unbinding the envelope, as it carries the energy to the surface to be radiated away. This
is discussed further in Section 3.

3

Ejection Efficiency in Convective Regions

The ejection efficiency, ↵
¯ e↵ , of a CE interaction is composed of a weighted average
of positionally dependent energy transfer efficiencies. The energy transfer efficiency,
↵e↵ , can be found at each radius of inspiral using analysis of the MESA profiles in the
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Figure 8: Comparative energy plots for a sample of representative primary masses at
their maximum radial extent and several test companion masses. The binding energy
for the primary star is shown in solid blue. The colored, dashed lines show the change
in orbital energy of the companion star as it inspirals, and the radius at which the
companion shreds is marked with an X. (Several X’s in the 3.0M plot fall below 1044
erg.) In cases where the X falls below the binding energy curve, the companion will
disrupt during inspiral before enough energy is transferred to unbind the envelope of
the primary. These orbital energy curves take into account the convective zones of the
primary, in that movement through the surface-contact convective regions (SCCRs) does
not contribute energy to the ejecting of the22envelope.
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following way. If the companion is orbiting in a region where tconv < tinspiral which is
within the SCCR, the released orbital energy is carried by convective transport to an
optically thin region where it is radiated away from the system. For this reason, regions
within the SCCR are assigned ↵e↵ = 0, as the energy transfer in these regions can be
considered perfectly inefficient. In contrast, if the companion is orbiting in a region
where tconv > tinspiral , the released orbital energy remains within the system and all
the energy released at that radius contributes to unbinding the envelope. In addition,
regions that are considered convective but do not contact the surface of the primary can
aid in mixing the released orbital energy, but cannot radiate it away, thus leaving the
energy to contribute to envelope ejection. These regions are assigned ↵e↵ = 1, as the
energy transfer therein is considered perfectly efficient. The ↵e↵ values are summarized
mathematically:
↵e↵ [r] =

8
>
>
<0 tconv [r] < tinspiral [r]

>
>
:1 tconv [r] > tinspiral [r].

To construct an average ejection efficiency of the system, a new prescription for the
calculation of ↵
¯ e↵ is derived for use if properties of the convective zones are known. To
do so, we first determine the ↵e↵ values at each radius within the primary, calculate the
released orbital energy at each radius, and integrate from the surface to the final radial
position of the companion (rf ) via:

↵
¯ e↵ =

R rf
ro

↵e↵ [r]dEorb [r]

Eorb [rf ]

Eorb [ro ]

,

(11)

where rf can take on one of two quantities:

rf =

8
>
>
<r

Ebind =↵e↵ [r] Eorb ,

>
>
:rshred ,

rEbind =↵e↵ [r]

Eorb

> rshred

rshred > rEbind =↵e↵ [r]
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which represents the radius at which the energy transfer from the companion halts. If
the companion shreds before ejecting the envelope, the coherent transfer of energy from
inspiral can no longer occur. In a similar way, once the binding energy of the primary
has been exceeded by the energy transferred from the inspiraling companion, the energy
transfer ceases. The larger of these two quantities is taken as the final radial position of
the companion, as the companion moves from the radius (larger radii) to the core.
Here, a discrete calculation of dEorb [r] can be done as in Equation 6. We assume
a constant internal structure for the primary while the companion inspirals, and that
released orbital energy is distributed to the local mass-shell.
Binding energy and change in orbital energies are shown in Figure 8. The binding
energies are shown for primaries between 1.0 6.0M in the thick blue lines. Overplotted
are colored, dashed curves showing the change in orbital energy for companions with
masses between 0.002

0.2M . Released orbital energy does not begin to accumulate

and contribute to unbinding the envelope until the companion has inspiraled beyond the
SCCR. The tidal shredding radius is marked with an X, at which point energy transfer
stops.
The subplots of Figure 8 illustrate whether the companion successfully unbinds
the envelope. For cases in which the companion shreds after exceeding the binding
energy requirement, (i.e., the X falls above the Ebind curve), the companion ejects the
envelope down to the intersection of its

Eorb curve and the Ebind curve. In many cases,

this leaves a short-period binary. For a typical SCCR depth of 1011 cm (see Figure 6),
companions between 0.008

0.02M will survive the interaction, eject the envelope, and

leave the system in a binary.
The curves’ intersection also estimates the final orbit of the system. Only when
the binding energy is exceeded can the envelope of the primary be ejected. At this
radius of energy equivalence (rEbind =↵e↵ [r]

Eorb ),
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decaying orbit can finally be deposited into the envelope rather than radiated away. This
abrupt injection of energy into the system ejects the envelope and leaves the companion
at that distance away from the center of the primary. For this reason, the radius at
which the binding energy and orbital energy curves intersect in the panels of Figure 8
describes the final orbital separation of the binary.

3.1

Variability of the SCCR

We argue that the orbital energy that is liberated from the inspiraling companion is
mixed within convective regions, and put emphasis on the ability for the SCCR to
transport energy to optically thin areas to be radiated away, as presented in Section 2.1.
It is therefore essential to evaluate the variability of the SCCR with time and primary
mass, as it directly a↵ects the ejection efficiency. Figure 9 shows di↵erences in the SCCR
with each primary mass, and the range of SCCR depths over time for each over the final
thermal pulse of the primary (boxes and whiskers). The median convective depths are
shown in orange and the SCCR depths at the time of maximum radius, the most likely
time for a companion to be engulfed, are shown in purple.
If the SCCR were entirely stable, the boxplot would show no variation. Instead,
variation can be seen both over time and by primary mass. The SCCR depths span
a wide range for all primary masses

1.4M . For primaries

3.2M , the SCCR at

the time of maximum radius is at the minimum convective depth. This arrangement
maximizes ↵
¯ e↵ , as the companion travels furthest within the primary and can successfully
inject energy into the envelope without it being convectively transported to the surface
to be radiated. Conversely, if at maximum radius the SCCR is maximally deep, the
companion may shred within the SCCR or shortly after emerging from it, which will
minimize ↵
¯ e↵ , as most or all of the released orbital energy leaves the system.
Since the depth of the SCCR at the time of most likely engulfment (i.e. primary’s
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maximum radius) is inconsistent, as seen in Figure 9, the SCCR depth over time is
examined. Three models representative of a stable SCCR, maximum-SCCR-depth-atrmax , and minimum-SCCR-depth-at-rmax are shown in Figure 10 with a 1.0M primary,
1.8M primary, and 4.6M primary, respectively. The radii over the final thermal pulse
are shown in blue dashed curves and the SCCR depth is shown in colored, identically
dashed curves. Since the ages of the primary stars and the time of maximum radius
vary, the time on the x-axis is normalized to the maximum age of the star, and then
centered around the time of maximum radius. In this way, t = 0 is the time of maximum
radius for each primary. The ticks of lookback time can be estimated to be on the order
of ⇠102 years. We note that t > 0 SCCR depths are shown for completeness, but are
not analyzed in this work.
The stable SCCR model (the 1.0M primary) shows a nearly constant convective
depth and constant radius with lookback time, while the minimum-SCCR-depth-atrmax (4.6M ) model shows a slowly increasing SCCR depth and constant radius with
time. Quite contrastingly, the maximum-SCCR-depth-at-rmax (1.8M ) model shows a
correlated radius and SCCR depth fluctuation just prior to rmax . This deep SCCR
minimizes ↵
¯ e↵ , and shows that knowledge of the depth of the SCCR, and thus the time
of engulfment, is imperative to an understanding of the ejection efficiency of the system.
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Figure 9: Box-and-whisker plot shows the range of convective depths during the final thermal pulse of the primary mass
just prior to and including the time of maximum radius (does not include any time after the maximum radius). The orange
line inside the box shows the median value of the boxplot, the vertical extent of the box marks the interquartile range
(IQR: the middle 50% of the range), and the upper and lower bounds of the whiskers mark the minimum and maximum
convective depths, respectively. Note that for primary masses below 1.4M the spanned range is very small, showing a
stable convective region.
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Ejection Efficiency, ↵
¯ e↵

The internal stellar structure of the primary and the properties of the companion
uniquely determine the ejection efficiency for each primary-companion mass pair. We
present ↵
¯ e↵ values for a matrix of primary-companion pairs in Figure 11, calculated as
described in Equation 11. Note that the range of companion masses here exceeds that
of earlier analyses for completeness.
The horizontal stripes between 1.2M and 3.0M are a result of the variability
of the SCCR, as described in Section 3.1. Due to the depth of the SCCR in these cases
(see e.g. 3.0M panel of Figure 6), most companion masses included in the colormap
inspiral on timescales less than the convective timescale, therefore efficiently transferring
the liberated orbital energy to the envelope and maximizing ↵
¯ e↵ .
Primary masses > 3.0M
SCCR of the 3.0M

show consistently low ↵
¯ e↵ values. Unlike the deep

model, the lower bound of the SCCRs are approximately 1011

cm, and the additional shell mass from the increased primary star mass increases the
inspiral timescale of the companion. This combination allows for energy to be radiated
from optically thin areas via convective transport, thus lowering ↵
¯ e↵ values. If the SCCR
were stable in the lower mass ranges, we would expect a smooth spread of ↵
¯ e↵ values,
though higher than those presented > 3.0M .
The trends seen in the colormap make obvious the strong dependence of ↵
¯ e↵ on
the depth of the SCCR, which can be highly variable with time (see Figure 10). For this
reason, we argue that the ejection efficiency of common envelope interactions is sensitive
to the age of the primary when the CE phase occurs.
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Figure 10: The SCCR depths over time are shown along with the primary’s radius for
three representative primary masses. The x-axis is a lookback time until maximum
max ] t[r]
radius, described by: t[rt[r
. The vertical black line marks the time of rmax , t = 0.
max ]
(Times after maximum radius are shown here for completeness but are not examined
in this work.) The blue lines show the fraction of maximum radius in time. Two of
the three blue lines overlap at unity. The colored, dashed lines show the SCCR depth
over time. Note the instability in the convective zone as it approaches the maximum
radius for the 1.8M model. (Convective depth is maximized with decreased interior
convective radius.)
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Figure 11: Colormap of e↵ective ejection efficiencies (¯
↵e↵ ) based on surface-contact
convective regions (SCCRs) of the primary star.

4

Discussion

The ejection efficiencies found from the simulated MESA data vs. log(m2 /M1 ) are compared to those found observationally by De Marco et al. (2011) and Zorotovic et al.
(2011). Our ↵
¯ e↵ values are shown in Figure 12, first constrained to the parameter space
presented by De Marco et al., and then unconstrained. The mass ratios considered in
this work do not exceed q = 0.5 (log(q) '

0.3). Note that the colorbar in Figure 12

shows the range of primary masses studied, unlike Figure 11, which shows the range of
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ejection efficiencies.
In the axis-constrained plot (top), there is an evident anti-correlation of ↵
¯ e↵ with
mass ratio, but each with di↵erent slopes. This is in agreement with De Marco et al.’s
findings of an anti-correlation within this parameter space. In contrast, Zorotovic et al.
find lower companion masses result in larger final separations. In the full parameter
space, we too see some regions where ↵
¯ e↵ positively correlates with mass ratio.
Both De Marco et al. and Zorotovic et al. use the -formalism to estimate ↵
¯ e↵ ,
since they both use observations of systems that are assumed to be progenitors of CEs,
which can result in ejection efficiencies that are greater than unity. Since we use MESA
models which provide detailed interior structure profiles, a direct comparison in ↵
¯ e↵
values is difficult.
In this work, we find that the ejection efficiency is sensitive to the convective
structure of the primary during inspiral. This is in agreement with Politano and Weiler
(2007), who argue that the ejection efficiency is dependent on the interior structure
of the primary and the companion mass. Ultimately, we find that mixing within the
convective regions of the evolved primary is essential to determining the ↵
¯ e↵ value.
As described in Section 2.1, the convective regions can aid in mixing in di↵erent
ways, depending on their location. During the CE phase, the companion’s liberated
orbital energy can be carried away from the body of the companion and distributed
into other regions of the primary. Convection within the SCCR allows energy to be
transported to an optically thin surface where it is radiated out of the system. For this
work, we assume at all of the companion’s released orbital energy that is released within
the SCCR is distributed among the local mass-shell and successfully leaves the system
as radiation, thus providing a lower limit on the system’s ejection efficiency.

31

E. C. Wilson

Master’s Thesis

Figure 12: Top: Axis-constrained mass ratio and corresponding ↵
¯ e↵ . These axis limits
are comparable to the parameter space examined by De Marco et al. (2011), who also
found a negative slope in this range. Bottom: Mass ratio and ↵
¯ e↵ for all primarycompanion mass pairs in this study.
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Following the assumption of constant interior structure during the CE evolution,
the interior structure at the maximum radius of the star during its evolution is used to
examine the ejection efficiency of the system. This is the point in the binary’s evolution
when the companion is most likely to be engulfed. We assume that the companion
begins to skim the surface of the primary when it is fully extended. In some cases, we
find that the SCCR depth can vary drastically in as quickly as ⇠102 years. The length
of the entire CE phase is estimated to be of similar length. The ↵
¯ e↵ values presented
here, however, assume a constant internal primary structure during the CE phase. For
this reason, the true ejection efficiencies may vary some, as the primary’s interior may
change for a number of reasons. First, though the CE phase of the entire evolution of
the system is only a small fraction of time, the primary may continue to evolve after
the companion has been engulfed. Second, disturbances from the companion’s mass or
wake during inspiral have the potential to a↵ect the primary’s interior. As such, it is
important to note that the ↵
¯ e↵ presented in Figure 11 values cannot be generalized.
Instead, the employment of Equation 11 with knowledge of properties of the SCCR at
the exact time of engulfment can better determine the ejection efficiency of the system.

4.1

Implications of Convection

Radiation of orbital energy through convective transport allows the binary system to
close into a short-period binary. In many of the primary-companion pairs, these close
orbits have periods of less than a day. This finding may well be a solution to the current underrepresentation of such sub-day period systems in population synthesis studies
(Davis et al., 2010). Incorporating Equation 11 into CE progeny population studies
could yield interesting results with an advanced understanding of the ages of the systems, including the primaries, at the time of the companion’s engulfment.
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The stable SCCRs in the higher mass primaries (

4.0M ) in combination with

the companion masses that survive and unbind the envelope yield sub-day periods. The
companions which do not survive the interaction long enough to eject the envelope cannot
yield any compact binary system. The companions with short inspiral timescales, like
many of those shown in the 1.0 3.0M panels of Figure 6, are less a↵ected by convective
transport as the speed of the inspiral dominates over the speed of the convective eddies.
In these cases, the final separation of the larger companion bodies yields ⇠3-day periods.
The smaller companion bodies which survive continue to yield . 1-day periods. The
final separations can be estimated by the intersection of the energy curves in Figure 8.
In some numerical simulations, gas within the star reaches co-rotation and slows
the rate of orbital decay, thus increasing the inspiral timescale (Ricker and Taam, 2012;
Ohlmann et al., 2016; Chamandy et al., 2018a). While co-rotation cannot be perfectly
sustained within a turbulent medium, its potential to increase the inspiral timescale (lead
to faster decay times) has interesting implications. We note that as long as the orbital
decay timescale is larger than the convective timescale in the SCCR, energy transfer to
the surface will continue to dominate.
We have neglected some e↵ects that many increase the inspiral timescale, thus
increasing the e↵ect of convection on CE systems. The gas is assumed to have no
velocity during inspiral and therefore cannot spin-up and approach co-rotation with
the orbit, which has been found in some numerical simulations. If, instead, the gas
reaches co-rotation, then the inspiral timescale will be greater than is presented above.
In that case, our lowest-mass primaries which do not e↵ectively transport convection
in the configurations presented here would in fact allow convection to dominate and
carry the energy to the surface to be radiated away. Similarly, we have assumed that
the convective properties remain constant despite the companion moving through the
envelope. The transfer of energy from the companion to the convective regions could
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result in higher convective velocities, thus shortening (increasing the e↵ect of) convective
transport timescales. Therefore, these results are conservative and the incorporation of
both e↵ects is an interesting future direction.
As described in Section 2.1, we assume that if the convective transport dominates, 100% of the released orbital energy is contributes to unbinding the envelope and
↵e↵ [r] = 1. This means that we also assume that the energy gets redistributed equally
to the local mass-shell. At the lower bound of the SCCR, the mixing may, in fact, distribute the energy well enough to eject the entire envelope. Mixing within the secondary
convective zones that are present in primaries of mass

3.0M may mix the energy of

the inspiraling companion as well. Distribution and mixing of released orbital energy
are topics of active study by numerical simulations (see Chamandy et al. 2018b for more
discussion).

5

Conclusions and future directions

Finding the ejection efficiency of common envelope interactions is a topic of active research. In this work, we study how convection a↵ects these ejection efficiencies, or ↵
¯ e↵ .
To do so, the ↵
¯ e↵ values were calculated for a matrix of primary-companion mass pairs
with convective mixing taken into account. The surface-contact convective regions (SCCRs) of the primary stars highly a↵ect the ejection efficiencies of the system, as the
convective timescales dominate over many of the inspiral timescales of the companions.
Within these convective regions, the released energy due to the orbital decay of the
companion can be carried to an optically thin surface to be radiated away. This lowers
the ejection efficiency since less of the energy remains in the system.
When convection is considered, the orbital radii shrink to 1011 cm in many cases,
and may in more cases with the inclusion of co-rotation. This could be a solution to the
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underrepresentation of short-period binaries in population synthesis studies, which use
universal ejection efficiencies, without requiring additional energy sources. Since energy
released within the SCCR is radiated away, the liberated orbital energy cannot begin to
contribute to ejecting the envelope until deeper into the primary’s envelope.
A main contribution is the new ↵
¯ e↵ prescription as described in Equation 11.
This calculation can be carried out if properties of the convective zones, especially the
SCCR, are known. Since the SCCR depth changes over time, and the ejection efficiencies
are sensitive to that depth, it follows that the ejection efficiency is dependent on the
internal structure of the primary at the time of the CE, and thus the age of the primary.
Regardless of the exact age of the primary, the inclusion of convection in mixing will
consistently be important, since evolved giants host deep convective envelopes.
There are several directions toward which this work could point. Observational
work could be done to study the relationship between core mass and post-CE orbital separations, then compare with those presented in this work. From this work, it is expected
that since the inspiral times of the companions increase with increased primary mass,
the convection a↵ects companions more consistently with larger core masses. Therefore,
the spread of post-CE orbital separations should change with primary core mass; the
spread would be greater for lower core masses than more massive cores. This work may
not be straightforward due to the time variability of the SCCR.
Theoretical work can continue as follows. First, an extension of this work would
include co-rotation and a more detailed understanding of how it a↵ects the inspiral
timescale, and thus the ejection efficiency. Second, numerical work on high-resolution
simulations of convection within the envelopes of giant stars should be performed. This
may include incorporating convective energy transport in stratified wind tunnel studies
(MacLeod et al., 2017). Third, the stars included in this work are relatively low-mass.
A study of high-mass stars in common envelopes and the ejection efficiencies therein
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could give context on compact-object mergers which may result on gravitational waves
(Belczynski et al., 2016). Finally, dynamical calculations which find the time when the
companion is engulfed, from which the age of the primary can be found, can be paired
with findings from this work to build better prescriptions for ejection efficiencies. This
would then be used to study stellar and common envelope populations (Belczynski et al.,
2002; Moe and De Marco, 2006).

37

E. C. Wilson

Master’s Thesis

Acknowledgements
I would first like to thank Dr. Jason Nordhaus for advising me through the completion of
this work. I would also like to thank Gabe Guidarelli for his help in showing me the ropes
and assisting with MESA and pipeline codes. Thank you also to Dr. Luke Chamandy, Dr.
Eric Blackman, and Dr. Noam Soker for useful discussions and comments that enhanced
this work. Finally, I would like to extend my thanks to Dr. Jason Nordhaus, Dr. Joel
Kastner, and Dr. Josh Faber for serving on my Master’s committee.

38

E. C. Wilson

Master’s Thesis

References
Abbott, B. P. et al.: 2017, Physical Review Letters 119(16), 161101
Belczynski, K., Holz, D. E., Bulik, T., and O’Shaughnessy, R.: 2016, Nature 534, 512
Belczynski, K., Kalogera, V., and Bulik, T.: 2002, ApJ 572, 407
Bloecker, T.: 1995, A&A 297, 727
Burrows, A., Hubbard, W. B., Saumon, D., and Lunine, J. I.: 1993, The Astrophysical
Journal 406, 158
Canals, P., Torres, S., and Soker, N.: 2018, MNRAS 480, 4519
Canuto, V. M. and Mazzitelli, I.: 1991, The Astrophysical Journal 370, 295
Chamandy, L., Frank, A., Blackman, E. G., Carroll-Nellenback, J., Liu, B., Tu, Y.,
Nordhaus, J., Chen, Z., and Peng, B.: 2018a, MNRAS 480, 1898
Chamandy, L., Yisheng, T., Blackman, E. G., Carroll-Nellenback, J., Frank, A., Liu,
B., and Nordhaus, J.: 2018b, in prep
Chen, Z., Frank, A., Blackman, E. G., Nordhaus, J., and Carroll-Nellenback, J.: 2017,
MNRAS 468, 4465
Claeys, J. S. W., Pols, O. R., Izzard, R. G., Vink, J., and Verbunt, F. W. M.: 2014,
A&A 563, 83
Cojocaru, R., Rebassa-Mansergas, A., Torres, S., and Garcı́a-Berro, E.: 2017, MNRAS
470, 1442
Cox, J. P. and Giuli, R. T.: 1968, Principles of Stellar Structure: Applications to stars,
Vol. 2
39

E. C. Wilson

Master’s Thesis

Davis, P. J., Kolb, U., and Willems, B.: 2010, Monthly Notices of the Royal Astronomical
Society 403(1), 179
De Marco, O., Passy, J.-C., Moe, M., Herwig, F., Low, M.-M. M., and Paxton, B.: 2011,
Mon. Not. R. Astron. Soc 411, 2277
Fabrycky, D. and Tremaine, S.: 2007, ApJ 669, 1298
Glanz, H. and Perets, H. B.: 2018, MNRAS 478, L12
Grichener, A., Sabach, E., and Soker, N.: 2018, Monthly Notices of the Royal Astronomical Society 478(2), 1818
Han, Z., Podsiadlowski, P., and Eggleton, P. P.: 1995, MNRAS 272, 800
Henyey, L., Vardya, M. S., and Bodenheimer, P.: 1965, The Astrophysical Journal 142,
841
Herwig, F.: 2005, Annual Review of Astronomy and Astrophysics 43(8), 435
Iben, I. and Livio, M.: 1993, December Common Envelopes in Binary Star Evolution 1,
Technical report
Iben, I., J. and Tutukov, A. V.: 1984, The Astrophysical Journal 284, 719
Ivanova, N.: 2018, ApJL 858, L24
Ivanova, N., Justham, S., Chen, X., De Marco, O., Fryer, C. L., Gaburov, E., Ge, H.,
Glebbeek, E., Han, Z., Li, X. D., Lu, G., Marsh, T., Podsiadlowski, P., Potter, A.,
Soker, N., Taam, R., Tauris, T. M., Van Den Heuvel, E. P., and Webbink, R. F.: 2013,
Astronomy and Astrophysics Review 21(1)
Ivanova, N., Justham, S., and Podsiadlowski, P.: 2015, MNRAS 447, 2181

40

E. C. Wilson

Master’s Thesis

Kashi, A. and Soker, N.: 2018, MNRAS 480, 3195
Kochanek, C. S., Adams, S. M., and Belczynski, K.: 2014, MNRAS 443, 1319
Kruckow, M. U., Tauris, T. M., Langer, N., Kramer, M., and Izzard, R. G.: 2018,
MNRAS 481, 1908
Kuruwita, R. L., Sta↵, J., and De Marco, O.: 2016, MNRAS 461, 486
Livio, M. and Soker, N.: 1988, The Astrophysical Journal 329, 764
MacLeod, M., Antoni, A., Murguia-Berthier, A., Macias, P., and Ramirez-Ruiz, E.:
2017, ApJ 838, 56
Michaely, E. and Perets, H. B.: 2016, Monthly Notices of the Royal Astronomical Society
458(4), 4188
Moe, M. and De Marco, O.: 2006, ApJ 650, 916
Nordhaus, J. and Blackman, E. G.: 2006, Monthly Notices of the Royal Astronomical
Society 370(4), 2004
Nordhaus, J., Blackman, E. G., and Frank, A.: 2007, MNRAS 376, 599
Nordhaus, J. and Spiegel, D. S.: 2013, MNRAS 432, 500
Nordhaus, J., Spiegel, D. S., Ibgui, L., Goodman, J., and Burrows, A.: 2010, MNRAS
408, 631
Nordhaus, J., Wellons, S., Spiegel, D. S., Metzger, B. D., and Blackman, E. G.: 2011,
Proceedings of the National Academy of Science 108, 3135
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Park, K. and Bogdanović, T.: 2017, The Astrophysical Journal 838(2), 103
Passy, J. C., De Marco, O., Fryer, C. L., Herwig, F., Diehl, S., Oishi, J. S., Mac Low,
M. M., Bryan, G. L., and Rockefeller, G.: 2012, Astrophysical Journal 744(1), 52
Paxton, B., Bildsten, L., Dotter, A., Herwig, F., Lesa↵re, P., and Timmes, F.: 2011,
ApJS 192, 3
Paxton, B., Schwab, J., Bauer, E. B., Bildsten, L., Blinnikov, S., Du↵ell, P., Farmer,
R., Goldberg, J. A., Marchant, P., Sorokina, E., Thoul, A., Townsend, R. H. D., and
Timmes, F. X.: 2018, ApJS 234, 34
Politano, M. and Weiler, K. P.: 2007, The Astrophysical Journal 665(1), 663
Reimers, D.: 1975, Memoires of the Societe Royale des Sciences de Liege 8, 369
Reyes-Ruiz, M. and Lopez, J. A.: 1999, The Astrophysical Journal 524(2), 952
Ricker, P. M. and Taam, R. E.: 2012, The Astrophysical Journal 746(8pp), 74
Sabach, E., Hillel, S., Schreier, R., and Soker, N.: 2017, Monthly Notices of the Royal
Astronomical Society 472(4), 4361
Shappee, B. J. and Thompson, T. A.: 2013, ApJ 766, 64
Soker, N.: 2015, ApJ 800, 114
Soker, N., Grichener, A., and Sabach, E.: 2018, ApJL 863, L14
Thompson, T. A.: 2011, ApJ 741, 82
42

E. C. Wilson

Master’s Thesis

Toonen, S. and Nelemans, G.: 2013, Astronomy & Astrophysics 557, A87
Tutukov, A. and Yungelson, L.: 1979, in P. Conti and C. de Loore (eds.), Mass Loss
and Evolution of O-Type Stars, pp 401–407, Reidel Publishing Company, Dordrecht,
iau sympos edition
Villaver, E. and Livio, M.: 2009, ApJL 705, L81
Webbink, R. F.: 1984, The Astrophysical Journal 277, 355
Zapolsky, H. S. and Salpeter, E. E.: 1969, The Astrophysical Journal 158, 809
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